Cell sonoporation enables the delivery of various exogenous molecules into the cells. To maximize the percentage of reversibly sonoporated cells and to increase cell viability we propose a model for implicit dosimetry for adjustment of ultrasound (US) exposure duration.
Introduction
Exposure of the cells to ultrasound (US) in the presence of an US contrast agent microbubbles (MB) affects the cell membrane in a way that leads to the temporal increase of the membrane permeability. This process has been termed sonoporation. The mechanism of cell sonoporation is not known in detail, however the importance of MB cavitation phenomena induced by US is in the center of discussion. Cavitating MB induce microstreaming (1, 2) and microjets (3) that creates shear forces acting on the cell membranes (4). MB cavitation also results in the generation of reactive oxygen species and the formation of free radicals (5) , therefore producing sonochemical effects on membranes, as well as in an increase of the local temperature (6) that enhances the fluidity of the membranes (7) . Practical and theoretical studies suggest that the dominant mechanism responsible for the enhancement of the intracellular delivery of exogenous nonpermeant molecules is associated with inertial cavitation (8) (9) (10) (11) (12) . The inertial cavitation is characterized by a sudden expansion and rapid collapse of gas microbubbles resulting in their disappearance (sonodestruction), in response of applied US.
Since sonoporation allows intracellular delivery of various exogenous molecules it has been proposed to apply for cancer treatment. Different anti-cancer strategies have been applied. They include intracellular delivery of plasmid Technology in Cancer Research & Treatment, Volume 11, Number 4, August 2012 DNA for the inactivation of oncogenes, the replacement of defective tumor suppressor genes or the production of proteins inducing antitumour effects, and the delivery of antiangiogenic factors, cytokines, cytotoxic proteins and anticancer drugs (13) (14) (15) (16) (17) . Indeed, recent studies showed that sonoporation increased cytotoxicity of anticancer drug bleomycin (BLM) in vivo leading to significant reduction of transplanted tumors (18, 19) . These and previous studies quoted above show that sonoporation can significantly enhance delivery of anticancer drugs to the tumors and therefore can lead to a development of a novel modality for cancer treatment. Similar approach for the enhanced delivery of anticancer drugs using cell electroporation has led to development of electrochemotherapy (20, 21) , which has already reached the clinics and has been proved to be an efficient method for treatment of superficial tumors (22) . Nevertheless, electrochemotherapy of the tumors located deeper within the organism is complicated since simple insertion of electrodes for tissue electroporation may require surgery. Therefore more sophisticated long-range electrodes have to be developed (23, 24) . Contrary to electrochemotherapy, US induced sonoporation and drug delivery can be directed to almost any part of the organism and therefore can be fully non-invasive. Indeed, pilot results using anticancer drugs have already showed considerable effectiveness of tumor growth suppression with US induced sonoporation (25) (26) (27) .
Cell membrane reversible permeabilization (3) (4) (5) 8) and cell membrane damage (28) was found to be a primary result of sonoporation. The significant cell death can occur following sonoporation, if the conditions of the experiment are not optimized. Cell lysis occurred as a response to Optison (29) or Albunex (30) MB cavitation, however it could be also be induced by US alone (13, 31) . Delivery of US in the presence of Levovist (32) and Optison (33) microbubbles resulted in blood vessel endothelium damage. In response to US alone, capillary rupture induced hemorrhages in lungs (34), as well as in other organs in the case of the US enhanced effects by Albunex microbubble cavitation (35). Subsequently, some studies optimizing acoustic parameters describe the most effective ways to minimize the side effects of sonoporation (8, 26, 27, 36) .
One of the reasons for uncontrolled cell damage during sonoporation is the lack of the dosimetry for the US exposure duration. This duration is usually obtained simultaneously during the optimization of other US output parameters. We hypothesized that US exposure duration is related to the kinetics of MB sonodestruction. Therefore in this study we aimed to optimize sonoporation efficiency for sonotransfer of exogenous molecules by estimating the kinetics of MB sonodestruction. To this end we used diagnostic US scan for the visualization of MB sonodestruction, which allowed us to find out optimal US exposure duration resulting in the highest level of reversible sonoporation and cell viability.
Materials and Methods

Cells
Chinese hamster ovary cells (CHO) that is common model for drug and gene delivery using cell electroporation and sonoporation were employed in this study. The cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 1% L-glutamine solution (Invitrogen Inc., Carlsbad, CA, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cells were maintained as monolayers, in 20 cm 2 tissue culture flasks (TPP, Trasadingen, Switzerland), incubated at 378C, in a humidified atmosphere of 5% CO 2 incubator (NU-2500E, NuAire, Plymouth, MN, USA). The cells were harvested using 2 ml of trypsin/EDTA solution (Sigma-Aldrich, St. Louis, MO, USA) and trypsin was inactivated with 2 ml of the growth medium. The cell suspension was centrifuged for 2 min at 101 3 g and the pellet was re-suspended in the exposure medium (EM) previously used in our electroporation experiments (37). This medium consisted of 0.25 M sucrose (Sigma-Aldrich, St. Louis, MO, USA), 1 mM magnesium chloride hexahydrate (Sigma-Aldrich, St. Louis, MO, USA) buffered with 10 mM of disodium hydrogen phosphate (Sigma-Aldrich, St. Louis, MO, USA), pH 5 7.2.
Microbubbles
Lipid-stabilized, air-containing microbubbles (MB) were produced by dissolving 1 mg of lyophilized powder containing macrogol 4000, distearoylphosphatidylcholine, dipalmitoylphosphatidylglycerol sodium, and palmitic acid (Bracco S.A., Manno, Switzerland) in the 200 μl volume of the exposure medium. The presence of MB in the media was confirmed microscopically (Nikon Eclipse TS100 3 200). The MB counting was limited to the resolution of the optical microscope. The average concentration of the MB (estimated up to 2 min post MB preparation) was 6 3 10 7 MB/ml. The stability of the prepared microbubbles was time dependent; the self-degradation followed the monoexponential decay curve with the time constant (τ) of 33 6 4 min. For each experiment a new portion of MB was freshly prepared and used for experiments within 5 min.
Ultrasound Exposure System
A 34 mm diameter unfocused ultrasound transducer (IUT 0.88-4-2, EMA, Moscow, Russia) operating at 880 kHz was used to expose the cells. The distance of far field (Fraunhofer zone) of the transducer was at 53 mm where the acoustic beam width at (26) dB level of pulse amplitude was 8 mm. The transducer was placed below the exposure chamber, made of thin (70 μm) plastic and having an internal diameter of 12 mm and height of 6 mm ( Figure 1 ). The contact between the transducer and the exposure chamber was ensured by acoustic contact gel Aquasonic 100 (Parker Laboratories, NY, USA). The ultrasonic generator (Ultrazvuk T-5, EMA, Moscow, Russia) delivered the harmonic signal to the transducer, inducing the continuous US wave. The maximum excitation voltage amplitude was 200 V (open circuit). The accuracy of the US exposure duration was assured by incorporating a high precision time relay (H5CX, Omron, Hertogenbosch, Netherlands) with a minimal programmable time step of 0.01 s. PNP was measured inside the exposure chamber, using a needle hydrophone HNP-1000 (ONDA Corporation, Sunnyvale, CA, USA) with 1.0 mm diameter active element and sensitivity of 0.47 V/MPa. Since our preliminary studies showed that under experimental conditions used, MB sonodestruction occurs within fraction of second, cell and MB suspension was not under magnetic stirring. Homogenous distribution of cells and MB was assured by pipetting the sample cell just before US exposure.
Diagnostic Ultrasound Imaging
The diagnostic B-scan ultrasound system MentorTM (Advent, Norwell, MA, USA) was used to investigate the influence of therapeutic US on the fragmentation of MB. According to the MentorTM instruction manual the distance of focal spot center of the transducer is 16 mm; the size of the focal spot at -6dB level of pulse amplitude is 1.12 3 0.98 mm. During the monitoring of MB sonodestruction, the unfocused diagnostic ultrasound transducer was placed in contact with the plastic container filled with distilled, degassed water through thin rubber membrane. The thickness of the thin rubber membrane separating the diagnostic transducer and water was 100 μm. The attenuation of diagnostic ultrasound pulses due to transmission through rubber membrane was measured using hydrophone HNR-1000 S/N:1555 (Onda, USA). The hydrophone tip was positioned at the place corresponding to the center of the exposure chamber ( Figure 1 ). The insertion of the rubber membrane between the diagnostic ultrasound transducer and the hydrophone attenuated the B-scan signal amplitude by 25%. The exposure chamber was fixed from the bottom to the therapeutic ultrasound transducer (using acoustic contact gel) and placed inside of the water container ( Figure 1 ). The distance of the exposure chamber from diagnostic transducer was 55 mm. The chamber was supplemented with 1.2 3 10 6 MB and the cross-section of the chamber was imaged using B-Scan ultrasound with center frequency of 12 MHz (pulsed wave excitation, spatial peak time average intensity, I SPTA3 5 0.3 mW/cm 2 ; MI 5 0.22). The whole frame of diagnostic B-scan contain 250 diagnostic pulses, the period of repetition of diagnostic pulses was 190 μs, period of repetition of B-scan frames was 117 ms. During all MB sonodestruction experiments acoustic coupling of diagnostic and therapeutic transducers was fixed therefore assuring constant transmission of US waves to the suspension of MB in the exposure chamber. Consequently the observed B-Scan image intensity related to MB sonodestruction was dependent only on US PNP variations. Echoscope output video signal from SVideo terminal was connected to external USB TV tuner AVerTV USB2.0 Plus (AVerMedia Technologies Inc., Taipei, Taiwan), which recorded video sequences of B-Scan images into computer hard-disc for off-line data analysis.
Analysis of Video Sequences
Analysis of video sequences was done using standard MATLAB (MathWorks Inc., Natick, MA, USA) functions (aviread, imcrop, mean). The B-scan image intensity scale varied from the weakest intensity corresponding to 0 (black) to the strongest intensity corresponding to 255 (white). In the last frame of the video sequence two regions of interest (not smaller than 2 mm 2 ) that included only the dark area of the exposure chamber cross-section were selected manually. Then mean grayscale intensity for the same region of interest was evaluated in the whole sequence of video signal. The period of grayscale intensity estimation was assumed to be 33 ms, which corresponds to the mean inter-frame period in NTSC video record.
Experimental Protocols
Sonoporation efficiency was determined using two nonpermeant molecules: propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) and anticancer drug bleomycin (Nippon Kayaku, Tokyo, Japan).
Experimental Setup for Propidium Iodide (PI)
Sonotransfer: The cells suspended in exposure medium at 1 3 10 7 cells/ml were divided into the following groups: control, PI alone, PI1MB, PI1US and PI1MB1US. For each experimental point, 40 μl of cell suspension, depending on experimental condition, was supplemented with 5 μl of MB (6.4 3 10 8 MB/ml) or 5 μl of EM and with 5 μl of PI (10 mM). The resulting 50 μl of the suspension was loaded into the exposure chamber and exposed to US for 30 seconds at acoustic pressures PNP ranging from 0 to 760 kPa. PI was added into cell suspension prior or 10 min after US exposure. Subsequent to US exposure the cells were placed in a 15 ml tube (TPP, Trasadingen, Switzerland) and incubated for 10 min at 378C. Then cells were consecutively washed 3 times in 5 ml MEM using centrifugation. After the last centrifugation cell were suspended in 60 μl and kept at 48C until cell count under fluorescent microscope (Motic BA400, Xiamen, China) equipped with a 3 Mpixel CCD camera (Moticam 2300, Motic, Xiamen, China). 10 μl cell suspension was placed between the glass slide and cover slip in the microscope focus plane and 6 random fluorescence images (paired with the white light images) were taken from each sample using 103 Motic objective at the final magnification of 2803. For each experimental point at least 250 cells were counted. The number of PI stained cells was determined as a ratio between PI-positive cells in an experimental sample and the total number of cells in control sample (determined under white light). Each experimental point was independently repeated 6 times.
Similar approach was used to determine pore resealing time. 40 μl of cell suspension was supplemented with 5 μl of MB (6.4 3 10 8 MB/ml) and exposed to US for 2 or 30 seconds at acoustic pressure PNP 5 500 kPa. Then and different time points (2, 5, 60, 120, 300, 600 and 1200 s) after US exposure cell suspension was supplemented with 5 μl PI at 10 mM. The number of PI positive cells as a function of PI addition time was then determined as described above.
Experimental Setup for BLM Sonotransfer:
The cells suspended in exposure medium at 1 3 10 6 cells/ml were divided into following groups: control, BLM1MB, MB alone, BLM alone, US, BLM1US, MB1US and BLM1MB1US.
For each experimental point, 40 μl of cell suspension, depending on the experimental condition, was supplemented with 5 μl of BLM (200 nM) or 5 μl of EM and with 5 μl of MB (6.4 3 10 8 ml) or 5 μl of EM. The resulting 50 μl of the suspension was loaded into the exposure chamber and exposed to US for 0 .5, 2, 5, 15 or 30 seconds at acoustic pressure PNP 5 500 kPa. The cells of the control groups were kept for the same time interval in the exposure chamber without US exposure. Subsequent to US exposure the cells were incubated for 10 min at 378C. Then the cells were diluted in MEM (Sigma-Aldrich, St. Louis, MO, USA) and 100 μl of the suspension (330 of cells) was loaded into 4.1 cm 2 tissue culture dishes (TPP, Trasadingen, Switzerland) containing 2 ml of growth medium. The cells were allowed to grow for 7 days, then fixed in 1 ml of 96% ethanol for 10 min and stained using crystal violet solution (Sigma-Aldrich, St. Louis, MO, USA) that contained 2.3% crystal violet, 0.1% ammonium oxalate and 20% ethanol. The number of cell colonies was assessed under light microscope MBS-9 (LOMO, St. Petersburg, Russia) and then normalized to the control. Each experimental point was repeated 6 times.
Statistics
The experiments were repeated 3-6 times for each combination of PNP and US exposure duration. The data are presented as the mean 6 standard error of the mean. The statistical significance between the experimental groups was determined using Mann-Whitney test. The statistically significant difference was indicated by p , 0.05.
Results
In order to evaluate sonoporation efficiency of CHO cells in suspension, nonpermeant dye propidium iodide was used. Since PI stains both nonviable cells (38) and reversibly permeabilized cells, PI was added prior to US exposure (to evaluate number of sonoporated and killed cells) and after US exposure (to evaluate number of killed cells). Therefore we first evaluated the time that is needed for the cells to restore the membrane barrier functions after sonoporation was induced. To this end we exposed cells to US for 2 or 30 s at acoustic pressure PNP 5 500 kPa and 10 min later measured the percentage of PI stained cells as a function of the time interval between US exposure and PI administration ( When PI was added to the control group only 8% of PI stained cell were obtained (Figure 2A insert; dotted line). When PI was added to cell suspension and then 30 s later cells were exposed to US for 2 s, in the absence (open squares) or in the presence (filled squares) of MB, the number of PI stained cells increased to 36 and 64% respectively (Figure 2A insert). The number of these cells decreased to 26% and 44% when PI was added 2 s after US exposure. This indicates that immediately after US exposure the permeability of cell membrane to PI started to decrease and therefore the less of the cells were able to uptake PI. Comparing the number of PI positive cells in the absence and in the presence of MB the statistically significant difference was obtained for the time interval up to 2 s (p , 0.05). At longer intervals this difference was no longer significant. In the absence of MB the number of PI stained cells remained at similar 26-30% level when PI was added at longer time intervals. This indicates that application of US alone at PNP 5 500 kPa increases the percentage of killed cells up to 26-30%. In the presence of MB the number of PI stained cells continued to decrease with the increase of the time interval between US exposure and PI administration and reached the level corresponding to the number of US killed cells at 10 min (see Figure 2A insert).
Similar experiment was performed using 30 s US exposure ( Figure 2B ). Again, comparing the number of PI positive cells in the absence and in the presence of MB the statistically significant difference was obtained for the time interval up to 2 s after US exposure (p , 0.001). In the presence of MB the number of PI stained cells continued to decrease with the increase of the time interval between US exposure and PI administration and reached the level corresponding to the number of US killed cells at 5 min (see Figure 2B insert).
The differences in PI uptake when PI was administered either before or after cell sonoporation imply that the cell membrane poration was reversible. Subtracting the number of PI stained cells resulting from US exposure in the absence of MB from that resulting from US exposure in the presence of MB indicates the number of reversibly sonoporated cells. The curve corresponding to the kinetics of pore resealing (Figure 2A and 2B) shows that sonoporated cells remained permeable to PI for up to 10 min. Therefore in subsequent experiments in order to evaluate the number of irreversibly and reversibly sonoporated cells PI was added 10 min after US exposure.
The dependence of the percentage of PI stained cells as a function on the PNP applied was further investigated after the application of US, both in the absence ( Figure 3A ) and in the presence ( Figure 3B ) of MB. PI was added either before (filled symbols) or 10 min after the US sonoporation (open symbols). In the final step of data processing, the control group values were subtracted from the values obtained in the experimental groups, thus normalizing the number of the PI stained cells to 0% at PNP 5 0 kPa.
The difference between the number of PI stained cells when PI was added before or 10 min after cell exposure to US in the absence of MB was not significant ( Figure 3A) . Therefore, application of US in the absence of MB did not induce reversible cell sonoporation. The PI stained cells at these conditions indicate dead cells. The number of these cells increased in response to increase of PNP starting from 120 kPa. At the highest tested US acoustic pressures PNP 5 500 and 760 kPa cell viability decreased by 25 and 50% respectively.
Addition of PI to cell suspension in the presence of MB before US exposure resulted in a gradual increase of the number of PI stained cells from 8 to 71% corresponding to the increase of PNP from 120 to 760 kPa ( Figure 3B ). The number of PI stained cells also increased when PI was added to cell suspension 10 min after US exposure. The Mann-Whitney test revealed a statistically significant difference between the groups, at PNP in the range of 500-700 kPa. The resulting difference of the means, corresponding to MB addition before or 10 min after US exposure, is displayed in Figure 3C . An increase of PI stained cell number by 8% occurred after cell exposure to US at PNP 5 320 kPa, which then gradually increased up to 23 6 6% for PNP 5 500 kPa. Further increase in PNP value resulted in a decreased number of PI stained cells, presumably due to the increase of the number of cells that underwent irreversible sonoporation. Therefore the effectiveness of intracellular access of PI was dependent on the US acoustic pressure, with sonoporation efficiency peaking at 500 kPa.
Taking into account that the most effective reversible sonoporation was achieved at PNP of 500 kPa further experiments were performed at this acoustic pressure. Under these conditions we further evaluated cell viability in dependence of US exposure duration both in the presence and in the absence of MB (Figure 4) . The data were normalized to the level of the control cell group (100% of cell colonies, t 5 0 s, Figure 4 ). Both PI and colony test data are in agreement demonstrating that application of US at PNP 5 500 kPa for 30 s in the absence of MB kills about 25% of cells. Under these conditions, when US was applied for 0.5 and 2 s, cell viability did not decrease (Figure 4 Similarly, cell viability was also evaluated by the application of PNP 5 500 kPa for exposure durations ranging from 0.5 to 30 s in the presence of MB (Figure 4 , filled symbols). The MBs themselves or their natural degradation neither decreased cell viability nor increased the intracellular entry of PI or BLM. Application of US, lasting for 0.5 or 2 s following the administration of MB, killed 30-40% of cells. Considering close to 100% survival of cells after US exposure for 0.5 and 2 s in the absence of MB, the obtained data revealed the lethal impact on cells induced by MB cavitation alone. Data also showed that the number of cells killed in MB+US group increased with gradual increase of US exposure duration (Figure 4) . Figures 3 and 4 it is evident that cell sonoporation resulted from US induced MB cavitation and cell death resulted from both US induced MB cavitation and US exposure alone. Therefore, in order to minimize cell death maintaining the same sonoporation level we performed the experiments to find out the US exposure duration that correspond to the time duration needed for the sonodestruction of the majority of MB. We hypothesize that finding out the MB sonodestruction endpoints can provide a unified method to estimate the optimal US exposure duration during sonoporation in real time.
Summarizing the results shown in
The effect of US exposure duration on the MB sonodestruction kinetics was investigated. The B-Scan images of freshly prepared MB and those that were affected with therapeutic US are shown in Figure 5 . The white pattern of the exposure chamber in the B-scan image appeared because of high sample echogenicity following reconstitution of MB at the initial concentrations. Application of therapeutic US induced the decrease of the sample echogenicity. Therefore, the decrease of the white intensity in the B-Scan images corresponds to the decrease in MB concentration. The complete destruction of initial MB was confirmed under a light microscope, independently from the B-Scan images-based investigation of the US affected MB-samples.
The diagrams in Figure 5 (left panel) show the therapeutic US induced disappearance of the MB (MB sonodestruction). The results show that the rate of MB sonodestruction was dependent on the US acoustic pressure: the increase of PNP reduced the US exposure duration necessary for the sonodestruction of the majority of MB. Applying US, the continuous MB sonodestruction followed a monoexponential decay with a time constant (τ) of 1216 6 24 ms for PNP 5 120 kPa; 248 6 8 ms for PNP 5 320 kPa and 122 6 10 ms for PNP 5 500 kPa. Thus, it could be concluded that complete MB sonodestruction by US at 500 kPa is achieved within fractions of a second. The diagnostic US also induced MB sonodestruction: the complete disappearance of MB was obtained after 150 s of diagnostic US application. Thus the impact of the diagnostic US on the kinetics of MB sonodestruction induced by the therapeutic US was very weak. It corresponded to an additional MB concentration decrease by 1.5% using PNP 5 500 kPa ( Figure 5 ).
Considering the fast kinetics of MB sonodestruction during cell exposure at PNP 5 500 kPa, the US induced PI uptake as a function of the exposure duration was investigated ( Figure 6 ). Experiments were performed using various US exposure durations (0.5, 2, 5, 15 and 30 s) at PNP 5 500 kPa. PI uptake at these conditions was measured in the presence and absence of MB. To distinguish cells that were reversibly sonoporated from those that underwent irreversible sonoporation and cell death, PI was added before or 10 min after US exposure. Data show that increase of US exposure duration in the absence of MB increased the number of PI positive cells ( Figure 6A ). However, the number of PI positive cells was similar whether the PI was added before or 10 min after the US exposure. This showed that for all the durations tested, exposure of cells to US alone almost did not cause cell reversible sonoporation. Under these conditions the PI positive cells resulted only from the lethal effects of US.
When cells were exposed to US in the presence of MB a significantly larger number of PI positive cells was observed when PI was added before the exposure to the US. Thus, these results imply that MB cavitation induced reversible sonoporation for the whole interval of exposure durations ranging between 0.5 and 30 s ( Figure 6B ). In addition, comparing the number of PI positive cells in the groups when PI was added 10 min after US exposure, the increase in the number of PI stained cells obtained in the absence or the presence of MB was similar. Therefore the The filled and open symbols in panels A and B represent the number of PI stained cells when PI was added to cell suspension prior or 10 min after US exposure respectively. The panel C shows the number of cells that underwent reversibly cell sonoporation after cell exposure to US in the absence (open symbols) and in the presence (filled symbols) of microbubbles. It was obtained from panels A and B subtracting the number of PI stained cells obtained when PI was added 10 min after US exposure from the number when PI was added to cell suspension prior US exposure. *(p , 0.05), **(p , 0.01) and ***(p , 0.001) indicate statistical significance between the groups (Mann-Whitney). The figure shows that, in the presence of MB, the increase of the number of reversibly sonoporated cells is independent of the increase of US exposure duration when it exceeds 0.5 s. increase in the US exposure duration only increased the number of cells that underwent irreversible sonoporation and cell death. At the lowest US exposure duration of 0.5 s the induced cell death in the absence of MB was minimal.
To find out the dependence of the number of reversibly sonoporated cells on the duration of the US exposure, the number of PI positive cells in the group for which PI was added 10 min after US exposure was subtracted from the number of PI positive cells in the group for which PI was added before US exposure ( Figure 6C ). In the absence of MB the number of reversibly sonoporated cell was low and statistical difference from baseline was found only at US exposure duration of 5 s. In the presence of MB, the number of reversibly sonoporated cells was the highest at the lowest duration tested and reached 36%. A tendency to a slight decrease of the number of reversibly sonoporated cells was observed with the increase of the US exposure duration. This decrease could be related to the increase of cell death in the fraction of the sonoporated cells. In overall these results show that the decrease of the US exposure duration down to the duration needed for MB sonodestruction results in the highest number of reversibly sonoporated cells and highest level of cell viability.
To further investigate the efficiency of sonoporation and molecule sonotransfer as a function of the duration of cell exposure to the US, we used another nonpermeant molecule, the bleomycin (BLM). Anticancer drug BLM has been successfully applied to measure cell permeabilization induced by electric pulses (39, 40) . Indeed, at low 5-20 nM concentration BLM has low cytotoxicity. However, once inside the cell, for example after cell permeabilization, its toxicity drastically increases (41, 42) . As in the previous experiments using PI, various durations (0.5, 2, 5, 15 and 30 s) of US exposure at an acoustic pressure of PNP 5 500 kPa were applied. In order to evaluate US induced BLM intracellular sonotransfer and thus the number of reversibly sonoporated cells, a cell colony formation test was used (Figure 7) . BLM alone at the final concentration of 20 nM killed about 15% of cells. Cell exposure to BLM and US decreased cell viability in BLM1US group from 32 to 57% as a function of US exposure duration ( Figure 7A) . In order to reveal the cytotoxic effect of BLM resulting from US application, the percentage of cells killed in the (US) alone and (BLM) alone groups was subtracted from the percentage killed in the (BLM1US) group (Figure 7B , (BLM1US) 2 (US) 2 (BLM) group). Data showed that US alone (in the absence of MB) was able to facilitate intracellular BLM entry. The number of BLM killed cells was about 8% for US exposure duration of 0.5 s ( Figure 7B) . A slight but significant (p , 0.05) increase in BLM induced cell death (leveling at 16%) was obtained at US exposure durations ranging between 2 and 30 s. Therefore application of US alone, even at durations comparable to those needed for MB sonodestruction, induced intracellular BLM sonotransfer and enhancement of its cytotoxicity.
Facilitated BLM sonotransfer into the cells by US was investigated when cells suspension was supplemented with MB ( Figure 7A ). MB and BLM alone at the final concentration of 20 nM killed about 11% of cells (BLM1MB group). Cell exposure to US in the presence of BLM and MB for 0.5 s resulted in 75% decrease of the initial cell viability ( Figure 7A , BLM1MB1US group). Increase of US exposure duration up to 30 s decreased cell viability by 89%, resulting in the highest decrease of the cell viability achieved among the experimental groups.
Cell death in the BLM1MB1US group could be the result i) of the irreversible sonoporation caused by MB cavitation (MB1US group, Figure 4) ; ii) of the cells killed by the US and by the US-caused BLM intracellular access (BLM1US group) and iii) of the BLM intracellular access and induced toxicity due to reversible cell sonoporation. To reveal the number of the reversibly sonoporated cells, the percentage of cells killed in the (MB1US) and (BLM1MB) groups were subtracted from the percentage of cells killed in the (BLM1MB1US) group, allowing to exclude the cytotoxic effect of US, US-induced MB cavitation (US1MB) and the BLM cytotoxicity. The obtained number of colonies revealed the percentage of the cells killed by the intracellular access of BLM after sonoporation ( Figure 7B , (BLM1MB1US) 2 (MB1US) 2 (BLM1MB) group). Data showed that sonoporation using MB increased the cytotoxicity of BLM, and the application of US in the presence of MB induced BLM sonotransfer in 25 and 28% of cells at US exposure durations of 0.5 and 2-30 s respectively.
The difference of cell death between (BLM1MB1US) -(US1MB) -(BLM1MB) and (BLM1US) -(US) -(BLM) groups showed that the presence of MB increased the number of reversibly sonoporated cells by 18 and 13% at US exposure durations of 0.5 and 2-30 s respectively. This difference was significant only at 0.5 s US exposure duration (p , 0.05, Mann-Whitney test) showing that US exposure duration corresponding to the time duration of MB sonodestruction induced the highest number of reversibly sonoporated cells.
Discussion
Previous studies employing US contrast agents for sonoporation lacked the substantiation for the choice of the US exposure duration. Usually it is determined empirically from experiments resulting in maximal level of drug delivery and compromising a sufficient level of cell viability. To achieve the maximal level of anticancer drug delivery, US was applied for durations ranging from tens of seconds to several minutes (18, 43, 44) . For DNA transfer US has been applied for durations ranging from a couple of seconds (45) to several minutes (12) . In this study we present an in vitro model for the optimization of US exposure duration for small molecule delivery into cells applying sonoporation. Two nonpermeant molecules, PI and anticancer drug BLM were used to show that an optimal US exposure duration needed for reversible cell sonoporation to PI or BLM correlates with the time necessary to achieve the complete MB sonodestruction.
The correlation between the US exposure duration needed for MB sonodestruction and optimal cell transfection efficiency had already been addressed earlier (45). Authors provided the hypothesis that the permeabilization of membranes was initiated and occurred at the time of the MB sonodestruction. Similarly to these findings (46) showed that with SonoVue MB transfection efficiency in vitro remained at the same level irrespectively of the fact that US exposure duration was reduced from 60 to 10 s. These authors suggested that at shorter US exposure durations (,10 s) the transfection level was still sustained. Likewise (29) showed that a 240-fold increase in US exposure duration had only little effect on the uptake of small fluorescent dextran molecules, in the presence of Optison MB. Thus these studies supported the hypothesis that MB inertial cavitation leading to MB sonodestruction was the main factor responsible for cell permeabilization and exogenous molecule intracellular transfer. Therefore this implies that optimal exposure duration could be limited to the time necessary to complete MB sonodestruction.
To prove this hypothesis we used an in vitro model to monitor the kinetics of MB sonodestruction. To this end the imaging of air containing MB was realized by means of a B-Scan diagnostic system. Employing B-Scan diagnostic US, we showed that using 880 kHz US at PNP 5 500 kPa, the complete sonodestruction of air containing MB was achieved within a second. Similar sonodestruction results have been obtained for air filled MB, available commercially, however at different acoustic pressures. Indeed, the time interval for complete sonodestruction of Levovist MB was 1.5 s using 1 MHz US at PNP 5 1.32 MPa (47) . According to visual observation, Albunex MB were able to persist up to 1 second using 1 MHz US at PNP 5 410 kPa (45) .
According to our study, the sonoporation process could be divided into two stages: the effects dependent on MB cavitation (0-0.5 s), and the effects resulting from the US alone (0.5-30 s) after MB sonodestruction. The MB cavitation dependent time interval was proved to be responsible for reversible cell sonoporation to PI and BLM. The maximal level of reversibly sonoporated cells was already achieved 0.5 s after the onset of the US exposure ( Figure 6C and Figure 7B ) implying that reversible cell sonoporation was mainly the consequence of US induced MB cavitation.
The curve corresponding to the reversible cell sonoporation as a function of the PNP in the presence of MB was bell shaped, with a maximum of reversibly sonoporated cells at about 500 kPa ( Figure 3C ). The decrease in the number of sonoporated cells can be associated with the fact that US at high acoustic pressures induce significant cell death in addition to cell sonoporation (28, 36, 46) . The adjustment of the US exposure duration to the MB sonodestruction time allowed us to reduce the lethal effects induced by the US alone that operate after MB sonodestruction (Figure 4 and Figure 6A ). In agreement to the findings of (46) that a short US exposure, even at high acoustic pressures, was able to preserve cell viability, our results confirm that the highest level of cell viability and the maximal number of reversibly sonoporated cells is achieved with 0.5 s US exposure duration at a PNP 5 500 kPa ( Figure 6C and Figure 7B ). Moving towards lower US acoustic pressures, the correlation between the duration needed for MB sonodestruction and the maximal level of sonoporated cells was less evident. Indeed, the delivery of US at PNP 5 120 kPa for 30 s also resulted in the complete sonodestruction of the MB and low level of sonoporation induced cell death, while the increase of the cells permeability to PI ( Figure 3C ) was not significant. Considering that MB sonodestruction leads to generation of shear forces, microjets, formation of free radicals and local increase of temperature, it is likely that these secondary effects do not reach the threshold needed for induction of cell sonoporation.
The possibility to use sonoporation for the targeted delivery of various exogenous molecules including anticancer drugs provides the basis for the development of a new antitumor treatment (48). Current state of the research shows the potentiation of various anticancer drugs toxicity due to drug facilitated intracellular delivery using cell and tissue sonoporation. For example, cell exposure to high frequency pulsed US (output 1 MHz, duty cycle 60%, 100 Hz pulse repetition rate) in the presence of SonoVue MB, reduced the LD 50 dose of unmodified camptothecin from 58 to 19 nM in vitro (44). The combination of BLM and sonoporation in the presence of Optison or SonoVue MB inhibited the growth of Ca9-22 cells, inducing apoptosis (18, 19) . Using similar approach we showed that the number of cell that were able to uptake BLM following US exposure, correlates with the MB complete sonodestruction time, the assumption previously raised in study (49, 50) . Indeed, these authors recently suggested that the mechanism of intracellular transfer of anticancer drug doxorubicin is consistent with the MB destruction induced cell sonoporation.
In conclusion, we propose a model for the implicit dosimetry of the US exposure duration to achieve highest level of reversible sonoporation and cell viability. We showed that reversible sonoporation can be achieved both in the absence and in the presence of MB. In the absence of MB the level of reversibly sonoporated cells is lower irrespectively of the US exposure duration. Significantly higher levels of reversibly sonoporated cells are achieved when cells are exposed to the US in the presence of MB. In the latter case, the efficiency of reversible sonoporation was independent on US exposure duration and the increase in US exposure duration resulted only in a significant decrease of cell viability. Our results show that using US at PNP 5 500 kPa MB sonodestruction occurs within a second. Therefore aiming to achieve the highest level of reversibly sonoporated cells preserving the highest level of cell viability, the duration of US exposure should not exceed the duration needed for MB sonodestruction.
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